Classic studies of dissected and recombined embryonic pancreas tissues published four decades ago suggested that epithelial-mesenchymal cell interactions regulate growth, epithelial branching, and cell differentiation in the embryonic pancreas (Golosow and Grobstein 1962; Wessells and Cohen 1967) . Modern studies have revealed additional cell interactions, involving pancreatic epithelium and midline mesoderm-derived tissues, essential for normal pancreatic development (Kim et al. 1997a) . Recently, many of the signaling pathways likely to govern cell interactions in the developing pancreas have been identified, allowing detailed studies of the genetic, molecular, and cellular basis of intercellular signaling that establishes proper pancreas development and function. These include the transforming growth factor-␤ (TGF-␤), Notch, Hedgehog, fibroblast growth factor (FGF), and epidermal growth factor (EGF) pathways, and investigation of pancreas developmental biology demands familiarity with these signaling pathways. Descriptions of these pathways may be found in several recent reviews (Artavanis-Tsakonas et al. 1999; Hackel et al. 1999; Massagué and Chen 2000; Bailey et al. 2000; McMahon 2000; Zaret 2000) .
Our understanding of intercellular signals that regulate pancreatic development and function has advanced in the last several years. Knowledge about the role of transcription factors in pancreatic development, function, and disease has also rapidly advanced and has been recently reviewed (Sander and German 1997; Edlund 1998; Dohrmann et al. 2000) . Here we emphasize findings that may elucidate mechanisms underlying human pancreatic exocrine and endocrine diseases, including congenital malformations and diabetes mellitus, and examine areas that need to be addressed to advance our understanding of pancreas development and function. We also discuss known or probable relationships between cell-extrinsic pancreatic signaling and transcriptional regulators of pancreatic gene expression. Additional literature may be found in several previous reviews (Slack 1995; Kim et al. 1997b; Gannon and Wright 1999; Yamaoka and Itakura 1999) . References have been abridged here: for complete reference listings, annotated legends, and table, please see http://seungkimlab.stanford.edu.
Outline of pancreas development

Morphogenesis and cell differentiation
The mature pancreas has morphologically and functionally distinct endocrine and exocrine components. The exocrine portion, including acinar and duct cells, comprises 95%-99% of the pancreas and produces digestive enzymes that promote nutrient digestion and absorption in the gut. Mature endocrine cells are located in islets of Langerhans, discrete endoderm-derived cell aggregates scattered throughout the exocrine pancreas. Islets contain four principal endocrine cell types, defined by the hormones they secrete. These include insulin-producing ␤-cells, glucagon-producing ␣-cells, somatostatin-producing ␦-cells, and pancreatic polypeptide-producing PPcells.
Early pancreatic development has been particularly well studied in mice and chickens, and important similarities and differences in pancreatic morphogenesis in these species have been previously described (DieterlenLiè vre 1970; Dieterlen-Liè vre and Beaupain 1974; Kim et al. 1997b ). Here we briefly outline pancreatic development in mice. During embryogenesis, the pancreas develops from distinct dorsal and ventral anlagen. Before specification toward a dorsal pancreatic fate, midline endoderm in posterior foregut is a single layer of epithelial cells that contacts notochord, an axial mesoderm-derived structure (Fig. 1) . Laterally, endoderm fated to form ventral pancreas is adjacent to both splanchnic mesoderm and aortic endothelial cells but is not in direct contact with notochord. The notochord and dorsal prepancreatic endoderms remain in contact until about the 13-somite stage in mice, 8.5 d postcoitum (dpc), when midline fusion of the paired dorsal aortas occurs. The first indication of morphogenesis occurs at 22-25 somites in mice (9.5 dpc), when dorsal mesenchyme condenses and underlying endoderm evaginates, forming a recognizable dorsal pancreatic bud; the ventral bud appears later at ∼30 somites (10.25-10.5 dpc). Stimulated by mesenchymal signals, pancreatic epithelial cells proliferate and branch. The accumulated evidence is consistent with the possibility that a unique cell gives rise to all pancreatic cell lineages. The existence of such a pancreatic "stem" cell remains debatable, in part for lack of adequate in vivo functional reconstitution assays like those that allowed purification of hematopoietic stem cells at the end of this century (for review, see Weissman 2000) . Also, with important exceptions Herrera 2000) , nearly all prior studies of pancreatic cell lineage have been based on dynamic patterns of gene expression instead of indelible cell tracers. As the work of others has emphasized (Cepko et al. 1993; Percival and Slack 1999) , definitive cell lineage considerations cannot be based merely on studies of transiently expressed genes.
In mice, soon after specification of the pancreatic anlage in posterior foregut endoderm at ∼8.5 dpc, somatostatin mRNA becomes detectable, marking the beginning of endocrine cell differentiation (Herrera et al. 1991; Gittes and Rutter 1992) . Immunohistochemistry demonstrates the appearance of scattered cells expressing insulin or glucagon by 9.5 dpc. Development of exocrine cells into acini and ducts is recognizable by 14.5 dpc; at this stage, endocrine cells are found embedded as individual cells in ducts or in small cell clusters distinct from ducts. In mice, the stereotyped architecture of islets with central insulin-expressing ␤-cells surrounded by non-␤ cells is detected late in gestation (by 18 dpc; Fig. 2 ). In adult birds, rodents, and humans, islet cell composition differs in the dorsal and ventral pancreas (Orci and Unger 1975; Orci 1982; Kim et al. 1997b) , and islet and pancreatic perfusion studies have demonstrated that dorsal islets release more insulin than ventral islets in response to glucose stimulation (Trimble et al. 1982; Stefan et al. 1987) . There are about one million islets in the human pancreas, several hundred to a few thousand in the rat (Hughes 1956) , and one or two Brockmann bodies (islet-like structures) in zebrafish. There is also a rough linear correlation between islet mass and animal mass throughout the host animal lifespan (Montanya et al. 2000) . Increase of islet mass in the adult may occur by neogenesis (islet formation from ductal precursor cells), replication of existing islet cells, and ␤-cell hypertrophy (for review, see Bonner-Weir 1994).
Selected transcription factors essential for pancreas development and function
Ipf1/Pdx1 is a member of the ParaHox group of homeodomain transcription factors expressed in endoderm (Brooke et al. 1998; Coulier et al. 2000) and is required for pancreas development in mice and humans (Jonsson et al. 1994; Offield et al. 1996; Stoffers et al. 1997b ). Embryonic tissue recombination studies suggest that there is an endodermal cell-autonomous requirement for Ipf1/ Pdx1 to promote competence to growth signals from pancreatic mesenchyme (Ahlgren et al. 1996) . In postnatal animals, Ipf1/Pdx1 is expressed in pancreatic ␤-cells, and recent studies suggest that Ipf1/Pdx1 is required for functions in the mature ␤-cell (Stoffers et al. 1997a; Ahlgren et al. 1998; Dutta et al. 1998) . Thus, Ipf1/Pdx1 serves distinct roles at different developmental stages, a property of several signaling genes described in this review. Mice deficient for the homeodomain transcription factor Hlxb9 fail to express Ipf1/Pdx1 in the dorsal pancreas, resulting in dorsal pancreatic agenesis (Harrison et al. 1999; Li et al. 1999 ). In the remaining ventral pancreas of Hlxb9-deficient animals, islet malformations were observed, suggesting essential functions for Hlxb9 in islet cell development. Studies have shown that the DNAbinding activity of Hox or ParaHox gene products like Ipf1/Pdx1 is regulated by Pbx1 and Meis, TALE-class homeodomain proteins (Peers et al. 1995; Swift et al. 1998) that are homologs of the Drosophila extradenticle (exd) and homothorax (hth) gene products. Pancreatic defects in Pbx1-deficient animals (S.K. Kim, L. Selleri, J.S. Lee, Y. Jacobs, and M.L. Cleary, in prep.) resemble those resulting from inactivation of Islet-1, a LIM homeodomain transcription factor required for islet cell differentiation and dorsal pancreatic exocrine development .
Specifying the pancreas anlage
During embryogenesis, organs develop in a stereotyped sequence along the respiratory and gastrointestinal tracts. This organization is accomplished through the temporal and spatial regulation of signaling pathways that specify and thereby separate the distinct organ anlagen. Many endoderm-derived organs, including lungs, trachea, thyroid, liver, and gallbladder, develop from a ventral portion of the gut. In contrast, the first sign of pancreas morphogenesis in birds and mammals is a dorsal evagination of the foregut caudal to the stomach anlage. Subsequently, a ventral bud develops adjacent to the liver diverticulum. This ventral bud translocates to the dorsal side during gut rotation to form the mature pancreas. In some species, including humans, this is accomplished by fusion of the dorsal and ventral lobes (Slack 1995) . Therefore, pancreas development requires specification of the pancreas anlage along both anteriorposterior (AP) and dorsal-ventral (DV) axes.
Notochord-endoderm interactions in pancreas development
Early experiments revealed that induction of dorsal pancreas development occurs at the 6-13-somite stage in mice and chicks (Wessells and Cohen 1967; Spooner 1970; Dieterlen-Liè vre and Beaupain 1974; Sumiya and Mizuno 1987) when dorsal endoderm contacts notochord (Wessells and Cohen 1967; Pictet and Rutter 1972) . Embryonic manipulations in chicks have revealed that premature separation of notochord from endoderm abolishes expression of pancreatic marker genes, while coculture of isolated notochord with endodermal epithe- Epithelial branching and islet morphogenesis. Before branching morphogenesis, presumptive endocrine and exocrine precursor cells can be identified in the epithelium of the dorsal and ventral pancreas. Exocrine precursors localize at the distal tips of the epithelial ducts when the epithelium branches into the surrounding mesenchyme. Concurrently, endocrine islet precursors migrate through the basal membrane and extracellular matrix that separates epithelium and mesenchyme. Metalloproteinases (MMP's) and their inhibitors (TIMP's) regulate endocrine cell migration through degradation of basal membrane (BM) and extracellular matrix (ECM) molecules. Integrins, cell surface receptors that bind to ECM molecules, mediate cell adhesion and movement. Generation of mature islets requires cell adhesion molecules, including cadherins and CAMs, that organize the different endocrine cells to achieve characteristic islet architecture.
lium restores marker expression. Interestingly, the notochord is only capable of inducing pancreas marker expression in anterior but not posterior endoderm, indicating that the endoderm is already prepatterned at this early stage (Kim et al. 1997b) . Studies by Wells and Melton (2000) support this prepatterning hypothesis by showing that factors produced in the overlying mesoderm and ectoderm regionally specify endoderm at the late gastrulation stage.
At the time when pancreas formation is initiated, the notochord secretes a variety of potent inducing molecules (Fig. 1A) , including the TGF-␤ family member activin-␤B, and FGF2. Tissue culture experiments with chick embryos have revealed that both ligands can mimic the notochord effect and induce transcription of pancreatic marker genes in isolated endoderm. Isolated notochord, or purified activin, and FGF activate pancreatic gene expression by repressing expression of Sonic hedgehog (Shh), a secreted protein of the Hedgehog family, in dorsal prepancreatic epithelium (Hebrok et al. 1998) . The notochord also produces Shh and induces Shh expression in overlying floorplate cells in the neural tube. The apparent embryologic paradox that notochord both induces and represses Shh expression may be explained by evidence that dorsal endoderm and ventral neural tube have different competence for Hedgehog, FGF, and TGF-␤ signals (Briscoe et al. 2000) . For example, expression of activin receptor IIB is detected in chick endoderm and dorsal neural tube but not ventral neural tube (Stern et al. 1995) just before pancreatic morphogenesis.
Endodermal Shh repression permits pancreas development and governs anterior-posterior gastrointestinal pattern
Recent studies have established roles for activin and Hedgehog signaling in patterning foregut gene expression and organogenesis in mice. Mutations of type II activin receptors ActRIIA and ActRIIB were shown to disrupt the development of the pancreas and other foregutderived organs like stomach and spleen . The pattern of organ malformations in these mutants was consistent with an anterior transformation of organ fates in the foregut and corresponded with AP shifts in expression of genes including Shh and Isl1. The role of Shh in establishing pancreatic development has also been tested extensively. In the midgestational mouse embryo, Shh is expressed in nearly all epithelial cells lining the alimentary canal (Echelard et al. 1993; Bitgood and McMahon 1995; Ramalho-Santos et al. 2000) , with the important exception that Shh is excluded from Rathke's pouch (the oral epithelial primordium of the anterior pituitary) and from pancreatic epithelium (Apelqvist et al. 1997; Hebrok et al. 1998 Hebrok et al. , 2000 Treier et al. 1998 ; Fig. 1 ). In mice and chicks, ectopic expression of Shh in embryonic pancreatic epithelium results in loss of pancreas marker expression and transformation of pancreatic mesenchyme into gut mesoderm (Apelqvist et al. 1997; Hebrok et al. 1998 ). Inhibition of Hedgehog signaling, by incubation of isolated foregut endoderm with antibodies directed against Shh, induces pancreatic gene expression (Hebrok et al. 1998) . Thus, in both pancreas and pituitary development, spatially restricted Shh expression creates molecular boundaries in epithelium, and the absence of Shh provides a permissive condition leading to appropriate organogenesis along the embryonic AP axis.
AP patterning in mesoderm and ectoderm is regulated by spatially restricted expression of Hox transcription factors (Krumlauf 1994 ) that are encoded in defined genomic regions, the Hox clusters. In the hindgut, endodermal Shh activates expression of Hox genes in overlying mesoderm (Roberts et al. 1995 (Roberts et al. , 1998 . However, few Hox genes are expressed in endodermally derived epithelium, and mutations in Hox genes have not yet been shown to result in AP transformations of endoderm-derived organs in vertebrates (for review, see Grapin-Botton and Melton 2000) . A set of Hox-related genes that are expressed in endoderm make up the ParaHox cluster, first identified in Amphioxus (Brooke et al. 1998 ). The expression of Ipf1/Pdx1, a ParaHox member, is not restricted to pancreatic tissue, and dorsal and ventral bud outgrowth is initiated in Pdx1 mutant animals (Offield et al. 1996) , suggesting that other factors are required to specify the pancreas anlage. A potential candidate is Hlxb9, a homeobox transcription factor that is expressed in the dorsal bud before Ipf1/Pdx1 and whose function is required for dorsal but not ventral bud morphogenesis (Harrison et al. 1999; Li et al. 1999) . Expression of Shh and Indian hedgehog (Ihh) in the pancreas is not affected in Hlxb9 mutants ), but it remains to be determined if Hlxb9 expression is regulated by endodermal Hedgehog signals. For example, it would be interesting to see if Hlxb9 expression is altered in mice that misexpress Sonic hedgehog in dorsal pancreas epithelium (Apelqvist et al. 1997) .
Establishment of the dorsal and ventral pancreatic anlagen
While some progress has been made in understanding the signaling pathways that regulate early stages of dorsal pancreas development, much less is known about the development of the ventral pancreas. The notochord does not touch lateral endoderm, the part of the gut that gives rise to the ventral pancreas. Nevertheless, Shh expression is repressed in this prepancreatic lateral endoderm (Kim et al. 1997b) . During dorsal pancreas formation, Shh remains excluded from dorsal pancreatic tissue even after notochord and endoderm are separated by the fusion of the paired dorsal aorta (Apelqvist et al. 1997; Kim et al. 1997b; Hebrok et al. 1998 ). Thus, there may be separate mechanisms to initiate and then to maintain Shh repression in dorsal pancreatic endoderm. It will be interesting to determine if similar mechanisms are responsible for Shh repression in the ventral pancreas.
In contrast to the fusion of initially separate ventral and dorsal pancreatic anlagen, the splenic and dorsal pancreatic primordia initially overlap, then separate (Fig. 1B ). The spleen forms in dorsal mesenchyme overlying the distal stomach and dorsal pancreas, and DieterlenLiè vre (1970) reported that endoderm from the dorsal pancreas anlage can direct hematopoiesis and vasculogenesis (characteristic of spleen development) in heterologous mesenchyme. Because notochord signals appear to influence the properties of this endoderm, it will be interesting to test if notochord signals may influence splenic development. Recent reports have demonstrated common genetic requirements for pancreas and spleen development. In mice expressing ectopic Shh in pancreatic epithelium, the spleen is absent and pancreatic epithelium and mesenchyme adopt intestinal fates (Apelqvist et al. 1997) . Thus, normal pancreas and spleen morphogenesis require Shh repression in posterior foregut epithelium. Likewise, mice deficient for the type II activin receptor ActRIIB have both severe hyposplenism and pancreatic hypoplasia (Oh and Li 1998; Kim et al. 2000) . Examination of mice deficient for the transcription factor p48 (Krapp et al. 1998 ) provides dramatic evidence that molecular mechanisms also exist to establish appropriate boundaries between pancreas and spleen. In mice lacking p48, there is no detectable exocrine pancreas development, but cells expressing insulin and other pancreatic endocrine cell gene products are found in the remaining spleen. Splenic malformations or agenesis occur in mice with mutations in Hox11 (Roberts et al. 1994) , Wilms tumor supressor gene 1 (wt1; Herzer et al. 1999) , Bapx1 (Lettice et al. 1999; Tribioli and Lufkin 1999) , and capsulin (Lu et al. 2000) . Pancreatic malformations in mice deficient for these genes have not been reported, but overlapping embryologic and genetic requirements for pancreas and spleen development invite close (re)examination of these genes for possible roles in pancreas formation.
Intercellular signals govern pancreas cell fate
The ratio of exocrine to endocrine cell mass is approximately 100:1 in mice and humans but varies in other species, suggesting that genetic mechanisms regulate this ratio. What are the molecular signals responsible for correct apportioning of pancreatic cell fates? Early studies (Golosow and Grobstein 1962; Wessells and Cohen 1967; Pictet and Rutter 1972) showed that pancreatic exocrine development required mesenchymal signals that can be replaced by cell-free extracts (Golosow and Grobstein 1962) . Conclusions about the role of cell interactions in endocrine differentiation were limited in these studies, however, partly because of their reliance on morphologic markers of development. Later studies using molecular markers of endocrine and exocrine cells showed that removal of pancreatic mesenchyme impairs pancreatic exocrine development but promotes endocrine cell development (Rutter et al. 1978; Gittes et al. 1996; Miralles et al. 1998b) . These data support the hypothesis that epithelial-mesenchymal interactions regulate the appropriate balance of endocrine and exocrine development. Here we focus on recent experiments suggesting that intercellular signaling through the TGF-␤, Notch, and Hedgehog pathways are crucial for appropriate specification of endocrine and exocrine pancreas cell fates (Fig. 3) .
TGF-␤ signaling
TGF-␤ signaling is a major regulator of pancreatic endocrine and exocrine cell fates. TGF-␤ signaling components (for review, see Massagué and Chen 2000) including the TGF-␤ ligands activin and TGF-␤1; their respective receptors; ligand antagonists including follastatin, noggin, and gremlin; and intracellular Smads like Smad2 and Smad4 are expressed in embryonic pancreas epithelium and mesenchyme (Ogawa et al. 1993; Feijen et al. 1994; Furukawa et al. 1995; Verschueren et al. 1995; Manova et al. 1995; Crisera et al. 2000; Tremblay et al. 2000 ; J. S. Lee and S. K. Kim, unpubl.) . In vitro exposure of embryonic mouse pancreas to activin or TGF-␤1 promotes development of endocrine cells, particularly ␤ cells and PP cells , and disrupts epithelial branching and acinar formation (Ritvos et al. 1995) . Follistatin, a known antagonist of TGF-␤ signals, including activins, promotes embryonic exocrine cell differentiation and reduces differentiation of endocrine cells (Miralles et al. 1998b ). Thus, TGF-␤1 and activin may promote endocrine cell development.
Three recent studies of activin receptor function in vivo support these earlier in vitro studies. ActRIIA and ActRIIB are broadly expressed in the midgestation mouse embryo, including in the pancreatic epithelium (Manova et al. 1995; Verschueren et al. 1995) , and later are expressed in adult islets (Yamaoka et al. 1998 ; S.K. Kim, unpubl.) . Pancreatic expression of a dominant- negative type II activin receptor (dnActRIIA) in transgenic mice results in islet hypoplasia (Yamaoka et al. 1998; Shiozaki et al. 1999) . Recent analysis of mice harboring null mutations in type II activin receptors ActRIIA and ActRIIB shows that islet cell differentiation is likely regulated by activin receptor-mediated TGF-␤ signaling .
How does type II activin receptor-mediated signaling regulate pancreatic endocrine development? Previous studies demonstrate that ligand-bound ActRIIA and ActRIIB form a protein complex with type I receptors and a restricted subset of intracellular R-Smad targets, including Smad2 and Smad3. R-Smads, phosphorylated by type I receptor kinases, modulate the activity of hetero-oligomeric transcription factor complexes that include Smad4 (for review, see Wrana 2000) . Identification of TGF-␤ ligands, type I receptors, and R-Smads that function with type II activin receptors to promote endocrine cell growth is therefore the focus of considerable effort. Studies of mice heterozygous for the Smad2 mh1 null allele (Nomura and Li 1998) reveal that Smad2 haploinsufficiency results in several embryonic and adult endocrine pancreatic defects (Osborne et al. 2000) .
Thus, these studies provide evidence for regulation of crucial aspects of pancreas development by TGF-␤ signaling pathways, but many questions remain unanswered. Additional receptors, ligands, and intracellular signaling components require identification. Within the framework of epithelial-mesenchymal interactions, it remains unclear which cells are transmitting and which cells are receiving TGF-␤ signals. To address this question will require better characterization of the cellular expression patterns of TGF-␤ signaling components and in vitro tissue recombination experiments to test if pancreas phenotypes resulting from specific mutations are cell autonomous or cell nonautonomous (Ahlgren et al. 1996) .
Notch signaling
Several recent studies in mice suggests that the Notch signaling pathway regulates pancreatic endocrine and exocrine cell fate (Apelqvist et al. 1999; Jensen et al. 2000a,b; Gradwohl et al. 2000; Schwitzgebel et al. 2000; Jacquemin et al. 2000) . Notch signaling in Drosophila and mammalian neuronal differentiation (for review, see Anderson et al. 1997; Baker 2000) provide valuable paradigms for understanding some of the pancreatic phenotypes resulting from perturbed Notch signaling. In neural development, expression of neurogenin genes leads to neural precursor cell production of extracellular ligands like Delta, Serrate, or Jagged that activate Notch receptors on adjacent cells (Fig. 3) . In concert with the DNAbinding protein RBP-J, an intracellular portion of the activated Notch receptor promotes transcription of hairy/enhancer-of-split genes (Hes) in these adjacent cells. Hes genes encode bHLH factors that repress expression of neurogenin and other target genes, thereby preventing neuronal differentiation in cells adjacent to developing neuroblasts (lateral specification).
Within or adjacent to epithelium of the embryonic pancreas, individual cells and small cell clusters express ngn3, a member of the neurogenin family (Apelqvist et al. 1999; Gradwohl et al. 2000; Jensen et al. 2000b; Schwitzgebel et al. 2000) . ngn3 expression peaks at 15.5 dpc, just before the formation of recognizable islets at 17 dpc, and is undetectable later in the adult pancreas. Mice deficient for Delta-like ligand 1 (Dll-1) or RBP-J had accelerated differentiation of pancreatic epithelial cells expressing ngn3 or glucagon (Apelqvist et al. 1999) . Hes1-deficient mice simultaneously had precocious development of endocrine cells, and exocrine cell defects, including acinar cell apoptosis and hypoplasia (Jensen et al. 2000b) .
The timing and levels of ngn3 expression appear to be critical for normal pancreatic cell differentiation. Misexpression of ngn3 from Ipf1/Pdx1 promoter elements produced endocrine and exocrine cell phenotypes similar to those in Hes-1 deficient mice (Apelqvist et al. 1999; Schwitzgebel et al. 2000) . Mice deficient for hepatic nuclear factor 6 (hnf6) had reduced ngn3 expression, distorted hypoplastic islets, and impaired glucose homeostasis (Jacquemin et al. 2000) . Pancreatic endocrine cells fail to form, and exocrine cell secretory granules accumulate in ngn3-deficient mice . Thus, ngn3 is essential for normal endocrine and exocrine differentiation, consistent with the possibility that ngn3-expressing cells either govern pancreatic cell fate and/or are themselves precursors of both islet and acinar cells. Herrera (2000) has demonstrated that cre-loxP methods can be adapted to permanently mark and follow cell lineages in the pancreas. Analogous genetic marking of ngn3-expressing cells might provide direct evidence that such cells are precursors of both endocrine and exocrine cells.
Data from these recent studies fulfill several predictions of a model for pancreatic cell fate determination based on the lateral specification hypothesis. Lammert et al. 2000) and improvements in appropriate molecular probes might address this issue. Observations on the distribution of pancreatic-and entero-endocrine cells are not well explained by lateral specification models. The well-spaced, stereotyped position of proneural cells in Drosophila is consistent with lateral specification models. Pancreatic ngn3-expressing cells, however, form multicellular clusters within and adjacent to embryonic ductal epithelium (Jensen et al. 2000b; Gradwohl et al. 2000) . Drosophila mutants deficient for neurogenic genes like E(spl) develop increased numbers of clustered neuroblasts (Cabrera 1990; Skeath and Carroll 1992) . Jensen et al (2000b) have observed that increased numbers of entero-endocrine cells in mice deficient for Hes1 do not cluster but remained scattered. These workers have suggested, therefore, that Hes1 activity may prepattern endoderm.
While Notch signaling may function in the embryonic pancreas to regulate cell fate, what about in juvenile and adult animals? Four groups (Apelqvist et al. 1999; Gradwohl et al. 2000; Jensen et al. 2000b; Schwitzgebel et al. 2000) have reported that ngn3 expression is not detectable in the postnatal pancreas. This is somewhat puzzling, especially as it has been reported that there is extensive postnatal islet neogenesis in rodents (for review, see Bonner-Weir 1994; Slack 1995) . Further characterization of pancreatic gene expression in adult animals would be helpful, but the current evidence raises the possibility that Notch signaling may not regulate islet formation or neogenesis in adult animals. Thus, unlike in the embryo where Jensen et al. (2000b) have stated that ngn3-expressing cells represent "the immediate precursors for the endocrine cells," the situation in the postnatal animal may be different. Instead, a Pdx1-expressing stem cell, which no longer produces ngn3, may be the source for differentiated endocrine cells in the adult.
Studies of Notch signaling in pancreas provide evidence that this genetic pathway is important for regulating the level and timing of pancreatic precursor cell production in development. Further studies are required, however, before we can harness this new knowledge to promote normal islet and ␤-cell growth in vitro or in vivo. Notch1 inactivation, specifically in mouse pancreatic endocrine cells, results in increased islet cell mass, but islet cellular distribution in these mice is abnormal (P. Herrera and F. Radtke, in prep.) . Hes1 inactivation (Jensen et al. 2000b) or forced misexpression of ngn3 from Ipf1/Pdx1 promoter elements in mice (Apelqvist et al. 1999; Schwitzgebel et al. 2000) results in exocrine cell hypoplasia and ␣-cell hyperplasia, but not ␤-cell or islet hyperplasia. Thus, it may be crucial to identify the signal(s) that govern the proliferation of ngn3-expressing cells and that direct their postmitotic differentiation.
Hedgehog signaling
Pancreatic organogenesis is regulated by the interaction of distinct signaling pathways that promote or restrict morphogenesis and cell differentiation. Activin signaling permits pancreas development by repressing expression of Sonic hedgehog (Fig. 3) . Before pancreatic morphogenesis, repression of Sonic hedgehog in posterior foregut endoderm prevents intestinal differentiation (Apelqvist et al. 1997 ) and promotes the pancreatic fate (Hebrok et al. 1998 ). In addition to this role in organ fate, recent studies suggest that Hedgehog signaling pathways regulate embryonic pancreas cell fates .
While Shh is not detectable in embryonic pancreas or purified adult islets, both Ihh and Desert Hedgehog (Dhh), as well as Patched (Ptc), a Hedgehog receptor, are expressed in the developing pancreas and adult islets. In addition to characteristic pancreatic malformations, the relative number of pancreatic insulin-and glucagon-expressing cells in Ihh −/− -deficient embryos is marginally increased, compared to wild-type sibling controls . Endocrine cell overgrowth is more severe in embryos deficient for Shh. A fourfold relative increase in numbers of pancreatic insulin-and glucagonexpressing cells and a sevenfold increase in posterior stomach cells expressing glucagon is observed in Shh mutants. Thus, like Hes1-deficient mice (Jensen et al. 2000b; Schwitzgebel. 2000) , Shh −/− mice have an inappropriate increase of pancreatic and enteric glucagon-expressing cells. These results suggest that Shh activities are necessary for limiting differentiation of pancreaticand entero-endocrine cells, similar to the proposed role for Notch signaling in pancreas. Do other Hedgehog ligands have similar roles in the pancreas? Shh and Ihh have similar structures, posttranslational modification, and patterns of endodermal expression, but a recent study demonstrates nonredundant or antagonistic functions for Shh and Ihh during stomach and intestinal development (Ramalho-Santos et al. 2000) . Therefore, it will be important to determine if the signaling activities of Ihh or Dhh differ from those of Shh in the embryonic and postnatal pancreas.
How can deficiency for Shh perturb endocrine cell development in the pancreas, an organ that does not express this gene? One likely possibility is that Shh inactivation perturbs signals between pancreas and adjacent organs that normally express Shh, including notochord, gallbladder, liver, stomach, and duodenum. Shh activity produced by these adjacent organs may directly limit the extent of endocrine cell differentiation in pancreas. Alternately, Shh expression in these adjacent tissues may elicit other signals (perhaps capable of greater diffusion than Shh) that limit pancreatic-and entero-endocrine development. Similar models have been proposed for Shh function in establishing regionalized dorsal-ventral cell fates in the developing vertebrate neural tube (Briscoe et al. 2000) .
Hedgehog signals like Shh and Ihh bind the receptor protein encoded by Patched, which is expressed in embryonic pancreas epithelium and mesenchyme (Hebrok et al. 1998 ) and later in mature islets .
Biochemical and genetic studies demonstrate that Hedgehog activity represses Ptc functions (for review, see Goodrich and Scott 1998) . Given that Hedgehog activity normally limits pancreatic endocrine cell development, Ptc inactivation would be expected to result in impaired pancreatic endocrine development and function. Before embryonic death at ∼9.5 dpc, Ptc −/− mutants fail to express Pdx1 or glucagon in the dorsal pancreatic anlage . Ptc +/− adults have malformed islets and impaired glucose tolerance, consistent with the possibility that Ptc haploinsufficiency results in impaired pancreatic endocrine function, in addition to other phenotypes (Goodrich and Scott 1998; Milenkovic et al. 1999) . Elucidating specific functions of Ptc in pancreas may require pancreas-specific Ptc inactivation. ment Kim et al. 2000; Jensen et al. 2000b) . How might these pathways interact to regulate pancreas development? Prior studies have suggested that Hedgehog signaling regulates Notch signaling. Hedgehog signals regulate ngn1 expression in zebrafish neural plate (Blader et al. 1997) , and Hedgehog signals induce expression of the ligand Serrate, an activator Notch, during cell fate determination in segmenting Drosophila epidermis (Alexandre et al. 1999) . Endocrine cell expansion in mice harboring mutations in Shh or Hes1 suggest that the Hedgehog and Notch pathways also function in dependent or parallel pathways in embryonic pancreas.
We have described studies of chicks and mice suggesting that TGF-␤ signals regulate the expression of Hedgehog signals like Shh in the developing foregut (Hebrok et al. 1998; Kim et al. 2000) . TGF-␤ pathways also regulate expression of Serrate, Delta, and Fringe in the segmenting Drosophila leg (Rauskolb and Irvine 1999) , and a recent study provides evidence that TGF␤ signaling modulates Notch signaling in the pancreas (Osborne et al. 2000) . ngn3 expression normally peaks in pancreatic periductal epithelial cells at embryonic day 15.5 (E15.5) and decreases thereafter Schwitzgebel et al. 2000) . In the pancreas of Smad2 mutants, there is both abnormal persistance of (peri)ductal cell ngn3 expression throughout gestation and severely decreased expression of Hes1 (A. Ko and S. Kim, unpubl.) . Thus, it appears likely that TGF-␤ signaling may regulate expression of Notch components in the developing pancreas.
Pancreatic and islet morphogenesis
FGF, activin, and Hedgehog signaling pathways govern pancreas morphogenesis
Many pancreas diseases are associated with defects in pancreatic architecture, but the molecular mechanisms underlying these defects had not been described until recently. Several studies provide evidence that signaling pathways governing pancreatic cell fate also regulate the morphogenesis of pancreatic structures. FGF signaling regulates proliferation of endocrine and exocrine cell types (Nguyen et al. 1996; Le Bras et al. 1998; Miralles et al. 1999) , and inhibition of FGFR2 signaling, through expression of a dominant-negative form of the receptor, results in a significant reduction of acinar cells and loss of islets (Celli et al. 1998) . While downstream target genes of FGF signaling in embryonic pancreatic tissue have not been identified, the phenotype caused by inhibition of FGF signaling is reminiscent of the malformations observed in mice lacking the basic helix-loophelix protein p48. Loss of p48 activity results in the complete loss of exocrine cells and the disruption of islet shape. Remnants of the islets are found in the spleen (Krapp et al. 1998) , suggesting that the pancreatic exocrine matrix provides essential clues for the spatial organization of developing islets.
Signaling through the activin and Hedgehog pathways also controls pancreas size and shape. Loss of activin signaling in mice carrying targeted mutations in the type II activin receptors A and B leads to Shh de-repression, resulting in anomalous association of pancreatic tissue with adjacent intestine and severe hypoplasia of the dorsal pancreas and spleen . Similar phenotypes are found in transgenic mice ectopically expressing Shh in the pancreatic region (Apelqvist et al. 1997 ).
Animal models of congenital pancreatic malformations
Misregulation of Hedgehog signaling in the mouse gastrointestinal tract is associated with a variety of congenital malformations including duodenal stenosis, imperforate anus, and defective enteric ganglion development (Litingtung et al. 1998; Ramalho-Santos et al. 2000) . Ihh or Shh inactivation has also been shown to cause overgrowth of ventral pancreatic tissue, a phenotype strikingly similar to an uncommon human disorder known as annular pancreas Ramalho-Santos et al. 2000 ; Table 1 ). Annular pancreas in humans and in late-gestational mice deficient for Ihh or Shh is characterized by a band of pancreatic tissue that constricts the duodenum (Hill and Lebenthal 1993) . Diverse hypotheses have been proposed to explain this disorder (Baldwin 1910; Lecco 1910; Hill and Lebenthal 1993) , none of which are supported by experimental evidence. Results from studies of Ihh and Shh mutant embryos have revealed at least two distinct malformations in the ventral pancreas before formation of a complete annulus. These include an asymmetric lateral branching of the ventral duct and dichotomous (symmetric) branching of the ventral pancreas .
Pancreas divisum is another, more common congenital defect of dorsal and ventral pancreatic fusion, which is associated with a high percentage of chronic, relapsing pancreatitis in humans (Cotton 1980) . In this disorder, the dorsal and ventral pancreatic ductal systems fail to fuse properly. Ventral pancreatic ductal malformations have been described in mice heterozygous for null alleles of Shh and Ihh . Inappropriate fusion of ventral and dorsal pancreatic ducts is also observed in mice deficient for Smad2 (A. Zhang and S. Kim, unpubl.) . Thus, defects in Hedgehog or TGF-␤ signaling may promote pancreas divisum.
Hedgehog signaling can be pharmacologically inhibited with alkaloid compounds derived from plants of the Veratrum species (Cooper et al. 1998) ; for example, inhibition of midline Shh signaling with cyclopamine phenocopies malformations observed in mice (Chiang et al. 1996) and humans deficient for Shh (Belloni et al. 1996) . Inhibition of Hedgehog signaling in chick embryos treated with cyclopamine leads to heterotopic pancreas formation, particularly in stomach and duodenum . Stomach, duodenum, and jejunum are also the most common sites of pancreatic heterotopia in humans (Hill and Lebenthal 1993) , raising the possibility that Hedgehog signaling defects may underlie some forms of this disorder in man.
Regulation of islet size
Optimal organ function requires a match between organ size and physiologic demands of the host organism. Transplantation studies, for example, emphasize that renal, cardiac, or pancreas function is optimized when the mass of the donor organ fits the mass of the recipient (Nicholson et al. 2000) . Mismatching organ and host size can be lethal, yet little is known about the mechanisms that achieve appropriate relative organ size. Islet size and number must match host needs to maintain proper glucose homeostasis, but the mechanisms that match islet size and number to body mass are not completely understood. Recent studies have shown that the antagonistic effects of Hedgehog and activin signaling within pancreas and adjacent organs regulates islet size and function. Inhibition of Hedgehog signaling in chick embryos treated with cyclopamine resulted in hyperplastic, clustered islets . Inappropriate clustering of islets near ducts was also observed in Shh −/− and Shh . Recent studies show that islet size and function may be determined by the extent of activin receptor-mediated TGF-␤ signaling . While ActRIIA +/− , ActRIIA −/− , and ActRIIB +/− animals appear to have normal pancreatic development and function, ActRIIA +/− B −/− , ActRIIB −/− , and ActRIIA +/− B +/− animals have hypoplastic pancreatic islets, with normal exocrine development. ActRIIA −/− mice had normal glucose tolerance tests. In contrast, ActRIIB −/− animals had abnormal peak glucose levels during glucose tolerance tests. Islet size was most severely reduced in ActRIIA +/− B +/− animals, and these also had the most impaired glucose tolerance. Thus, the severity of impaired glucose tolerance and the degree of islet hypoplasia depended on the type and degree of activin receptor inactivation. Are these postnatal phenotypes the result of developmental defects in foregut patterning or an indication that activin signals have distinct postembryonic roles in pancreatic islet function? It will be necessary to perturb activin signaling specifically in postnatal animals to test this hypothesis. However, insulin promoter-directed expression of a dominant-negative activin receptor transgene specifically in mouse islets also results in islet hypoplasia (Yamaoka et al. 1998) , consistent with the possibility that activin signals may have separate roles in embryonic foregut patterning and embryonic islet formation. Follistatin, an activin antagonist, has been shown in cell culture experiments to limit pancreatic endocrine differentiation and islet formation (Miralles et al. 1998b ). It will be interesting to test if inhibition of follistatin or ectopic expression of activin signaling components is sufficient to induce endocrine cell differentiation and formation of islet structures in endodermal precursor cells.
Matrix metalloproteinases regulate islet formation
Islets are generated in a multistep process that involves differentiation of progenitor cells from pancreatic ductal epithelium, migration of these precursors through the basal membrane into the surrounding mesenchyme, and subsequent association of hormone-producing cells into mature islets (Fig. 2) . Mouse aggregation chimaera studies have demonstrated that islets form by mixture of endocrine cells derived from independent precursor cells (Deltour et al. 1991) . The migration of islet precursor cells is partially controlled by matrix metalloproteinases (MMP; Miralles et al. 1998a) , a large family of enzymes that degrade extracellular matrix proteins, including collagens, gelatins, fibronectin, and laminins (Werb 1997) . Previous studies have demonstrated that MMP's are required for branching morphogenesis of several organs and that they govern the migration of a variety of different cell types (for review, see Vu and Werb 2000) . Two proteases, MMP2 and MMP9, are expressed during pancreas development, and inhibitors of MMP function interfere with islet morphogenesis in isolated pancreatic epithelia. MMP activity in islets may be regulated by TGF-␤ signals (Miralles et al. 1998a) .
Further support for a critical role of MMP's during islet morphology and ␤-cell development comes from studies in epidermal growth factor-receptor (EGFR) mutants. Signaling through the EGFR induces MMP secretion, and the level of activated MMP's is reduced in pancreata of EGFR mutant mice (Miettinen et al. 2000; van der Zee et al. 1998 ). While gross pancreatic morphology in these TGF-␤ Perturbation of Sonic hedgehog activity and Patched expression in studies with chick embryos generated ectopic pancreas . Evidence for roles of genes in the other listed pancreatic defects were derived from genetic studies of mice. More information on the mouse and chick studies pertaining to the genes and phenotypes described in this mice appears normal, epithelial branching is clearly decreased, and islets remain in close proximity to the pancreatic ducts. These findings suggest that matrix degradation and remodeling is crucial for epithelial morphogenesis and migration of endocrine precursors. Transgenic mice ectopically expressing EGF in ␤-cells develop dramatic morphological changes in islet structure that worsen with age. Islets are irregularly shaped and larger compared to age-matched control animals; however, impairment of islet function or glucose homeostasis was not observed (Krakowski et al. 1999a ).
Roles of extracellular matrix and cell adhesion in regulating islet morphogenesis
Previous studies have demonstrated that extracellular matrix (ECM) proteins (Gittes et al. 1996) or inhibition of cell adhesion molecules like Ep-CAM (Cirulli et al. 1998) affect endocrine cell differentiation. Once islet cells form, evidence suggests that islet cell-ECM interactions and cell-cell interactions also coordinate subsequent islet cell aggregation and sorting. Until recently, little was known about the mechanisms that guide migration of islet precursors. Previous studies had suggested that organization of endocrine cell types into proper islet structures could be regulated by integrins, transmembrane receptors that are expressed in islet and ␤-cells and bind to ECM proteins (Kantengwa et al. 1997; Streuli 1999) . Support for this hypothesis comes from a recent study by Cirulli et al. (2000) , in which ␣ v ␤3 and ␣ v ␤5 integrins were shown to mediate adhesion and migration of putative endocrine precursors. Functional significance for these cell-ECM interactions has been demonstrated in studies that address the loss of glucose responsiveness in cultured islet cells. In these studies, isolated islet cells kept on plastic surfaces without matrix support lose their ability to release insulin after stimulation with physiological glucose concentrations. However, glucose responsiveness is restored when islet cells are cultured on extracellular matrix preparations, suggesting that maintenance of ␤-cell function is at least partially conferred through binding of integrin receptors (Bosco et al. 2000) . In addition to matrix-to-cell signaling, cell-cell interactions are also required to establish the architecture of individual islets. These interactions are mediated via Ca 2+ -independent cell adhesion molecules (CAM's) and Ca 2+ -dependent members of the cadherin family (Rouiller et al. 1991; Dahl et al. 1996; Esni et al. 1999) . Members of the cadherin family, including N-, R-and E-cadherin, are expressed in pancreatic islet cells. Inhibition of cadherin function through ectopic expression of a dominant negative E-cadherin protein interferes with embryonic clustering of ␤-cells in nascent islets (Dahl et al. 1996) . Adhesive properties of non-␤ islet-cells may be regulated by neural cell adhesion molecule (NCAM; Rouiller et al. 1991) . Islet architecture in mice lacking NCAM is abnormal, with ␣-cells found throughout the islet core (Esni et al. 1999) . In spite of the gross missorting of islet cells in these and other mutant mouse strains (Krakowski et al. 1999a,b) , viability and glucose regulation were unaffected. Studies by Meda and others have demonstrated that ␤-cells responses to secretogues were promoted by homologous ␤-cell to ␤-cell contact but decreased by heterologous non-␤-cell to ␤-cell contact (for review, see Bosco and Meda 1997) . Thus, in mice with malformed islets but normal glucose regulation, islet architecture may be sufficiently preserved to maintain normoglycemia.
Signaling pathways regulating islet growth in adult animals
Interest in factors that stimulate growth of the pancreas and islets has been considerable since the work of von Mering and Minkowski (1889) . Pancreatic growth control in postnatal animals has been reviewed by Hughes (1956) , Goss (1978) , and more recently, Slack (1995) summarized observations on pancreatic regeneration following pancreatic tissue ablation. In pregnant mice and humans, there is marked ␤-cell hyperplasia and increased islet proliferation. Growth hormone, prolactin, placental lactogen, and cellular factors required for transducing the activity of these intercellular signals are implicated in regulating ␤-cell responses to gestation, and investigations of these have been reviewed recently (Nielsen et al. 1999) . Likewise, there have been recent reviews of other protein regulators of postnatal ␤-cell growth and differentiation including hepatocyte growth factor (Hayek et al. 1995) and glucagon-like peptides (Drucker 1998; Holst 1999; Kieffer and Habener 1999) . Here we focus on evidence that insulin and TGF-␤ signaling regulate pancreatic islet growth in adult animals.
Diabetes mellitus: the basics
Pancreatic islet growth is dynamic, responsive to insulin demands of the host (Fig. 4) . Insulin demand may reflect host physical activity, obesity, age, gestation, and genetically determined insulin responsiveness. In type 1 diabetes, relentless autoimmune destruction of ␤-cells eventually results in absolute insulin deficiency despite, as some evidence suggests, attempts by the pancreas to regenerate islets (Brush 1944; Bonner-Weir 1994) . In pathogenesis of >90%-95% of type 2 diabetes, reduced insulin responsiveness of peripheral tissues like liver, fat, and muscle is the likely initiating step (Martin et al. 1998; Kahn 1994) . Overt diabetes results from progressive failure of pancreatic ␤ cells to secrete adequate insulin to compensate for resistance (Kahn 2000) . In principle, there are at least two mechanisms for pancreatic compensation to increased insulin resistance: first, by increasing ␤-cell mass (Fig. 4) , and second, by increasing the glucose-stimulated insulin secretory efficiency of ␤-cells (Leahy et al. 1992) . Diabetic patients, lean or obese, show smaller increases in ␤-cell volume than euglycemic subjects (Kloppel et al. 1985) ; this has been cited as evidence that impaired ␤-cell compensatory growth may promote pathogenesis of type 2 diabetes.
The identification of genes whose dysfunction leads to ␤-cell failure in type 2 diabetes has therefore been the focus of considerable effort (Swenne 1992; Bonner-Weir 1994; Kahn 1998) . A small subset of type 2 diabetes known as maturity onset diabetes in the young (MODY; Winter and Silverstein 2000) results from mutations in genes encoding proteins critical to ␤-cell maturation and function, including glucokinase or transcription factors like hepatic nuclear factors (HNF)-1␣, HNF-1␤, HNF-4␣, or Ipf1/Pdx1. In these patients, insulin responsiveness may be normal or only modestly impaired, but primary defects in the ␤-cell lead to inadequate insulin secretion.
Roles of insulin signaling in preventing ␤-cell failure
Insulin binding to the insulin receptor (IR), a cell-surface transmembrane tyrosine kinase, stimulates IR autophosphorylation and subsequent tyrosine phosphorylation of cytosolic proteins collectively called insulin receptor substrates (IRS). Recent evidence suggests that both IR and IRS-2 may be required for ␤-cell growth in postnatal animals. Withers et al. (1998) reported that germ-line IRS-2 inactivation in mice resulted in overt diabetes. As predicted, Irs-2 −/− mice had frank insulin resistance in peripheral organs including liver and skeletal muscle. Unexpectedly, Irs-2 −/− mice also had ␤-cell failure, manifesting as inappropriately reduced ␤-cell mass and relative hypoinsulinemia, leading to overt diabetes by 10 wk of age. In contrast, IRS-1 inactivation caused moderate insulin resistance but not overt diabetes because compensatory ␤-cell growth and insulin secretion matched the increased insulin demand in these animals (Araki et al. 1994; Tamemoto et al. 1994; Brü ning et al. 1997; Fig. 4) . The receptors for insulin and Igf-1 are known regulators of IRS-2, and recent studies suggest that these receptors promote ␤-cell functions required to prevent ␤-cell failure (Withers et al. 1999; Kulkarni et al. 1999) .
These data are consistent with the possibility that insulin receptor, Igf-1R, IRS proteins, and other insulin signal transduction components (including insulin itself) regulate postnatal islet mass and ␤-cell responsiveness to glucose. These studies did not address whether deficiency for insulin receptor, Irs-2, or Igf1-R leads to ␤-cell failure by cell-autonomous or cell-nonautonomous mechanisms, nor do they rule out the possibility that accumulated developmental pancreatic defects resulting from mutation of these genes impair postnatal ␤-cell functions. Thus, in the future, it may be important to adapt both tissue-specific and temporally specific gene inactivation strategies to dissect postnatal roles of these and other genes in compensatory islet responses (Ahlgren et al. 1998; Kulkarni et al. 1999; Postic et al 1999; Vasioukhin et al. 1999) .
In humans and rodents with type 2 diabetes, decreased levels of IRS-1 and insulin receptor expression are observed in insulin target tissues. However, several studies have demonstrated the absence of mutations in the genes encoding insulin signaling components in the vast majority of human diabetes cases (e.g., Bernal et al. 1998) . While it remains possible that genetic or acquired defects in insulin signal transduction components underlie some forms of human type 2 diabetes , it is likely that additional signaling pathways are involved in the majority of defects leading to insulin resistance and ␤-cell failure.
Role of TGF-␤ signaling in preventing ␤-cell failure
Characteristic features of ␤-cell failure include relative islet hypoplasia, hypoinsulinemia, impaired ␤-cell glucose sensing, and dysregulated glucose homeostasis. As described above, phenotypes in mice with mutations in ActRIIA and ActRIIB suggest that activin receptor-mediated signaling is required to prevent ␤-cell failure . Smad2 is a signaling target of both ActRIIA and ActRIIB, and recent studies reveal a role for Smad2 in preventing ␤-cell failure in adult mice. Compared to wild-type siblings, Smad2 mh1/+ heterozygotes have inappropriate ␤-cell hypoplasia, hypoinsulinemia, impaired glucose tolerance, and significant insulin resistance (Osborne et al. 2000) . Simultaneous insulin resistance and ␤-cell hypoplasia are phenotypes also observed in mice with homozygous Irs-2 inactivation (Withers et al. 1998) . Samad et al. (1999) provide evidence of possible roles for dysregulated TGF-␤ and tumor necrosis factor-␣ signaling in promoting insulin resistance in humans. Thus, the data motivate investigation of possible connections between TGF-␤ signaling and insulin resistance.
Summary, future directions, and implications for human pancreatic diseases
Investigation of intercellular signaling pathways that govern embryonic pancreas development has proven use- ful for identifying candidate genes for several human diseases, including annular pancreas, pancreas divisum, heterotopic pancreas, pancreatic hypoplasia, splenic hypoplasia (hyposplenism), congenital absence of islets, and susceptibility to type 2 diabetes mellitus ( Table 1 ). Demonstration that mutations in ActRIIB or Smad2 promote diabetes susceptibility in mice motivates linkage analysis of orthologous human genes in patients with diabetes. Similar logic recently led to identification of Ipf1/Pdx1 and NeuroD as susceptibility genes in type 2 diabetes (Stoffers et al. 1997a,b; Hani et al. 1999; Macfarlane et al. 1999; Malecki et al. 1999) . Growth in knowledge about embryonic pancreas development should motivate molecular investigations of the pancreas in gestation, childhood, and advanced age, developmental stages with unique pancreatic disorders that remain relatively underexplored by the modern biomedical effort.
Pathogenesis of type 2 diabetes remains unexplained. In one prevailing hypotheses, inherited susceptibility to this disease is polygenic, involving accumulation of many genetic defects that influence host insulin requirements and supply. A growing number of recent studies in mice have shown that interactions between only a few predisposing alleles are sufficient to reproduce the genetic predisposition to type 2 diabetes, a pattern of oligogenic inheritance (Kido et al. 2000) . Thus, mice transheterozygous for mutations in IR and Irs-1 (Brü ning et al. 1997), IGF-1 receptor, and Irs-2 (Withers et al. 1999) or for the type II activin receptors ActRIIA and ActRIIB manifest an increased prevalence of diabetic phenotypes. Accumulation of human diabetes susceptibility genes should facilitate testing of this oligogenic pathogenesis model for type 2 diabetes mellitus.
The genetic basis for neoplastic transformation in the pancreas remains poorly understood (for review, see Moskaluk and Kern 1998) but is likely to benefit from elucidation of intercellular signaling functions in pancreatic growth control. In addition to their roles in embryonic pancreas growth and differentiation, Patched, Smad2, and Smad4 have previously established tumor suppressor functions in humans. Likewise, genes like Pbx1, Meis, and Sonic hedgehog that may pattern embryonic pancreas development, are known human protooncogenes. It is also well established that mutations in FGF, TGF-␤, Hedgehog, Wnt, and EGF signaling components promote malignant growth. It will be interesting to determine what role, if any, these pathways play in pathogenesis of pancreatic carcinomas, the fourth leading cause of cancer deaths in western countries.
The isolation and use of hematopoietic stem cells is transforming the practice of medicine, and the reported purification of stem cells for other tissues holds particular promise for novel treatments and functional restoration of the pancreas. Cell-extrinsic signals provide an accessible means of manipulating stem cell growth and differentiation (Schuldiner et al. 2000) : whether to induce endodermal development of embryonic stem cells or to stimulate islet cell differentiation from the as yet elusive pancreatic stem cell. Understanding the function of cell signals in pancreatic development and cellular differentiation may provide essential tools to direct in vitro differentiation of transplantable, functioning islets from stem cells or to stimulate pancreatic growth in vivo.
Genetic and biochemical relationships between components of the signaling pathways reviewed here have been elucidated largely from in vitro studies, and examination of axial patterning, organogenesis, and cell fate determination in Drosophila melanogaster, Caenorhabditis elegans, and Xenopus laevis. Given apparent conservation of insulin activities, insulin regulation, or insulin signal transduction machinery (Bohni et al. 1999; Ogg et al. 1997; Henry et al. 1996; Beck and Slack 1999; Kelly and Melton 2000) , studies in these organisms are likely to remain important for understanding the developmental genetics and function of insulin-producing cells. The evolutionary conservation of insulin signaling and the profound impact of pancreatic diseases on human health insure continuing interest and relentless growth in our understanding of the signals governing pancreas development and function.
